Introduction
Although the use of gold in medicinal chemistry (known as chrysotherapy) 1 has been recognised for millennia, recent developments have renewed interest in gold's use in metallodrugs. The variety of Au(I) complexes used in a clinical setting are those incorporating thiolate or phosphine ligands. 2 The most widely utilised are auranofin, sodium aurothiomalate and sodium aurothioglucose, all of which have been applied to the treatment of inflammatory autoimmune conditions such as rheumatoid arthritis. 3 Auranofin is also under investigation as a treatment to reduce the viral reservoir of HIV that lies latent in the body's T-cells. 4 The mechanism of biological action of such clinical treatments remains extremely difficult to unravel. 5 Over the last two decades, there have been several reports suggesting that a variety of Au(I) complexes possess antiproliferative properties in vitro against selected human tumour cell lines. 6 One must consider that the gold agents used clinically are not luminescent compounds and thus other, invasive and analytical techniques are required to understand the intracellular distribution of the gold. 7 To support such studies, it is helpful therefore if the gold species in question is inherently luminescent, thus enabling non-invasive visualisation of live cells through fluorescence microscopy techniques. 8 Whilst fluorescence wavelength and Stokes' shift are important parameters for the application of probes to fluorescence microscopy, the use of time-resolved analyses via fluorescence lifetime imaging microscopy (FLIM) can provide even more detailed information. This current work describes the synthesis and characterisation of a series of dihydroimidazolinium func-tionalised 1,8-naphthalimide fluorophores which can be deprotonated to act as N-heterocyclic carbene (NHC) donors for coordination to Au(I). These new species are shown to be fluorescent in the visible region and show excellent utility as cell imaging agents including application to FLIM studies of MCF-7 cells. Importantly, the results suggest that fluorescence lifetime is significantly modulated by the presence of the coordinated Au(I), and thus provides further information on the integrity of intracellular metal-ligand complexes.
Results and discussion

Synthesis
The intermediates Cl-Nap and N-Nap, pro-ligands [HL]PF 6 and complexes [AuCl(L)] are shown in Scheme 1. The di-substituted dihydroimidazolinium pro-ligand salts, [HL]PF 6 , were synthesized in three steps from commercially available 4-chloro-1,8-naphthalic anhydride. Reaction at the naphthalimide ring of Cl-Nap using either N-ethylethylenediamine or N-phenylethylenediamine (thus R 2 = Et or Ph) gave the intermediate species, N-Nap. Subsequent ring closure of the N-Nap species using triethylorthoformate (both as reagent and solvent) in the presence of ammonium hexafluorophosphate yielded the cationic dihydroimidazolinium pro-ligands as their hexafluorophosphate salt, [HL]PF 6 . The corresponding gold(I) complexes, [AuCl(L)], were synthesised from [AuCl(tht)] (tht = tetrahydrothiophene) via deprotonation of the pro-ligand to yield the NHC Au(I) complex. Despite repeated attempts we were unable to isolate [AuCl(L 5 )] in sufficient quantities to allow unequivocal characterisation and further study. The yielded complexes (Scheme 2) are thus based upon an unsymmetrical substitution of a NHC donor at Au(I) that incorporates a conjugated 1,8-naphthalimide fluorophore.
Spectroscopic characterisation of ligands and complexes
1 H NMR spectra for N-Nap 1-8 provided confirmation of substitution at the naphthalimide ring: in most cases, a character-istic NH resonance was noted ca. 6.0-6.5 ppm, which was assigned to the naphthalimide secondary amine substituent. Upon cyclisation to form the pro-ligands [HL [1] [2] [3] [4] [5] [6] [7] [8] ]PF 6 , the corresponding 1 H NMR spectra showed subtle changes in the chemical shifts of the dihydroimidazolium ethyl backbone; in most cases these were observed as multiplets ca. 4.0-4.5 ppm. The NH resonance at 6.0-6.5 ppm also disappeared, and a new downfield peak at 9.0-10.0 ppm was assigned to the deshielded H2 position of the imidazolinium moiety: both observations were consistent with cyclisation. IR spectra of [HL [1] [2] [3] [4] [5] [6] [7] [8] ]PF 6 showed ν(CvO) ca. 1650 cm −1 and ν(PF 6 ) ca. 830 cm −1 consistent with the formation of the salts. HRMS were obtained for all intermediates and pro-ligands.
The Au(I) complexes were again characterised by a range of spectroscopic and analytical techniques. 1 H NMR spectra provided clear evidence of coordination to Au(I) through the absence of the downfield H2 imidazolinium resonance, and changes in the chemical shifts associated with the ethyl protons in the backbone of the NHC unit. 13 C{ 1 H} NMR spectra revealed resonances that correlated with the presence of the different R 1 and R 2 groups. In addition, two unique carbonyl resonances around 162-165 ppm were observed, consistent with the unsymmetrical nature of the 1,8-naphthalimide unit. A downfield signal ca. 192-195 ppm ( Fig. S1 , ESI ‡) was assigned to the Au(I)-coordinated NHC carbon and is comparable with previous studies on Au(I)-NHC complexes which incorporate a saturated NHC backbone. 9 DFT calculations were employed to further support this 13 C{ 1 H} NMR assignment, in which the NMR shielding constants were computed using the gauge including atomic orbital (GIAO) method. 10 suggested that a judicious choice of reference compound gives superior chemical shift predictions, and to this end, since the carbene carbon can be considered sp 2 -hybridized, benzene was used as the reference standard and its shielding constants computed at the same level of theory as the carbene complexes. Using these calculations, the δ C values of the coordinated carbene are predicted to be 192.1 ppm and 192.7 ppm for [AuCl(L 3 )] and [AuCl(L 4 )] respectively, both of which compare very favorably to the experimental data thus providing further evidence that the assignments are reliable.
HRMS data were also obtained for the complexes, often correlating with the formation of a cationic complex fragment (through loss of a chloride ligand, or addition of a cation such as Na + or NH 4 + ). Each spectrum was consistent with retention of the Au-NHC unit. IR spectra confirmed the presence of the ligand, primarily via the naphthalimide ν(CvO) bands ca. 1600-1650 cm −1 . Fig. 1 and 2 . The structure of the complex (Fig. 1) shows an approximately linear (the C1-Au1-Cl1 angle is 173.76(6)°) two-coordinate geometry at Au(I). As expected, the C-N bond lengths within the dihydroimidazolinium moiety are extended upon coordination to Au(I).
X-ray crystallography
The Au-C bond length is 1.984(2) Å and thus comparable with structurally related NHC complexes of Au(I). 9 The structure of [AuCl(L)] also reveals intermolecular π-π stacking interactions between neighbouring naphthalimide units ( Fig. 2 ). Additional intermolecular interactions are also evident through an Au(I)⋯Au(I) distance of 3.31459(15) Å, which is at the weaker limit of an aurophilic interaction. 12 
Electronic properties and DFT calculations
Solution state UV-vis. absorption and luminescence spectra were obtained for all pro-ligands and complexes ( Table 2 ). The absorption spectra (MeCN) of the pro-ligands were characterised by shorter wavelength peaks (<300 nm) which are assigned to π → π* transitions associated with the naphthalimide chromophore and phenyl substituents. Between 300-450 nm the spectra also revealed weaker features due to different n → π* transitions including an intramolecular charge transfer (ICT) localised on the naphthalimide unit. The wavelength of the ICT band was relatively insensitive, firstly, to the nature of the imide (R 1 ) substituent, and secondly, the R 2 group on the dihydroimidazolinium group ( Fig. 3 . The π-π packing interactions where the angle between these two planes is 0.00 (19)°, the centroid-centroid distance is 3.8001(17) Å and the shift distance is 1.644(3) Å. analogues. This may be due to the relative electron donating ability of the R 2 substituent. Overall, when compared to other 4-amino-substituted 1,8naphthalimides, 13 the absorptivity of the ICT bands in these pro-ligands is relatively diminished and hypsochromically shifted. This is attributed to the cationic nature of the dihydroimidazolium moiety, which may well modulate the overall donor ability of the nitrogen atom at the 4-position of the naphthalimide chromophore. The absorption spectra of the related Au(I) complexes were thus dominated by the ligandcentred transitions. In general, a hypochromic shift of the ICT band relative to the pro-ligand was noted, again probably relating to the net donating ability of the ligated NHC substituent.
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DFT calculations
To further probe the electronic properties of the substituted naphthalimide species, the structures of two pro-ligands [HL 3 ] + and [HL 4 ] + were calculated using density functional methods, and were subsequently used to probe the underlying electronic basis for the electronic absorption spectra. The structure of the ethyl congener [HL 3 ] + was compared to that obtained using X-ray data, and was found to provide good agreement between experiment and theory.
Using these optimized structures for TD-DFT calculations gave a particularly noteworthy result: the low energy ICT band, experimentally observed at 425-430 nm, was not obtained in the calculations. We initially rationalized that the band ca. 350 nm might correspond to this transition, but with a large computational-experimental discrepancy. TD-DFT often underestimates transitions with a significant CT character, 14 however, this hypothesis would involve an overestimation of the excited state energy, which is apparently contrary to known limitations in this area. Moreover, whilst the phenyl derivative [HL 4 ] + contains some CT character (vide infra), the ethyl derivative does not. In our earlier work, we have noticed that the accuracy of excited state calculations is only slightly dependent on basis set, but varies considerably with functional. Therefore, the calculations were performed using a number of functionals, namely CAM-B3LYP, B3LYP, PBE0, LC-wPBE, B3PW91, M06, and M06-2X. The lowest energy excited state varied between 291 nm (LC-wPBE) and 353 (B3LYP) for the ethyl derivative [HL 3 ] + .
Upon comparison with the experimental spectra, it became apparent that the lowest energy transition corresponded to the experimental band at ca. 340-350 nm, and the low-energy band at 425 nm is not replicated in the TD-DFT calculations. One of the significant limitations of DFT calculations can be the lack of counterion or discrete solvent interactions with the substrate; attempts were made to model these, by introducing the anion, and solvent molecules (water and acetone) hydrogen bonding to the appropriate polar groups in the naphthalimide cation, but in every case only a slight (up to 10 nm) variation in the low energy excitation energy was observed.
TD-DFT calculations were performed using the PBE0 hybrid functional, since this allows a closer comparison to related theoretical studies on 1,8-naphthalimides. 15 In this regard, the calculations were in good agreement with the experimental data, since the computed energies were 342 nm ([HL 3 ] + ) and 348 nm ([HL 4 ] + ) versus 344 nm (for [HL 3 ]PF 6 ) and 351 nm (for [HL 4 ]PF 6 ). These maxima are in excellent agreement with the experimental data, and moreover the slight red-shift, experimentally observed for [HL 4 ] + , is replicated (simulated spectra are provided in Fig. 4 ). The molar absorption coefficients have been estimated from the oscillator strengths using established methods, 16 and their magnitudes agree with the experimentally observed values and are consistent with the expected π-π* transitions. Experimentally, the phenyl derivative has a higher absorptivity coefficient than the ethyl, which is replicated in the calculations. A further analysis of the excited states indicates that they correspond to π-π* transitions between the HOMO and LUMO; the HOMO and LUMO of [HL 4 ] + are displayed in Fig. 5 The nature of the low energy bands do not change significantly upon coordination of the pro-ligands to Au(I), in that they are still dominated by HOMO-LUMO π-π* transitions. However, the maxima are predicted to undergo a small redshift, which replicates the experimentally observed spectra. A comparison of the HOMO and LUMO orbital energies in the pro-ligands and complexes reveals that both HOMO and LUMO increase in energy as a result of coordination to the Au centre, but that the increase in the HOMO energies is marginally more than that found for the LUMO; for example in [HL 3 ] + the HOMO and LUMO lie at −7.32 eV and −3.06 eV respectively, and at −6.91 eV and −2. 
Fluorescence properties
The fluorescence properties of the ligands and complexes were assessed at room temperature in aerated acetone solution (Table 1) . Irradiation with 405 nm (corresponding to the excitation line for confocal fluorescence microscopy) relates to excitation of the ICT absorption band. For the pro-ligands this yielded a broad structureless emission peak ( Fig. 6 ) at around 490-510 nm with a corresponding lifetimes in the range 4-10 ns, consistent with previous reports on amino-functionalized 1,8-naphthalimides of this type. 13 The variation in imide substituent had minimal influence upon emission wavelength ( Fig. 6 ). Quantum yields were 4-31% implying some relatively bright fluorophores within the series. It was also noted that these species showed excitation wavelength dependent emission wavelengths: excitation at 345 nm, which corresponds to one of the π-π* absorptions gave a higher energy emission at ca. 440 nm, which is assumed to correlate with emission from a π-π* excited state.
For the complexes, irradiation at 405 nm again generally revealed a ligand-based ICT peak ca. 500 nm, but in some cases an additional peak or shoulder at higher energies (440-450 nm) was also noted (Fig. 7) . Again, this shorter wavelength peak was enhanced by using excitation at 345 nm. Comparison of the fluorescent lifetimes and quantum yield values for the complexes with the corresponding free ligands generally indicated a partial quenching of the ICT emission in the presence of a coordinated, heavy atom. For example, in the case of [AuCl(L 3 )] the fluorescence lifetime was dominated by a very short lifetime component ca. 1 ns, contrasting with, and differentiated from, the value obtained for [HL 3 ]PF 6 (Fig. 7) .
Cytotoxicity and bioimaging studies
Au(I) NHC complexes have been the focus of several studies examining biological applications, including mitochondriatargeted, anti-tumour, 17 and antimicrobial 18 examples. Finetuning of the ligand architecture has allowed the development 20 as well as DNA binding capability. 21 Au(I) NHC frameworks provide an excellent basis for the development of anticancer agents. 22 Prior to any imaging work, cytotoxicity assessments were obtained for complexes and pro-ligands using the MTT assay (Table 3 ). Data were recorded for four cancer cell lines: LOVO, A549, PC3 and MCF-7, the latter for correlation with the imaging studies. The data clearly revealed that the uncharged complexes were less toxic to LOVO, A549 and PC3 cells than the corresponding cationic pro-ligands. This is in contrast to our previous findings which have shown that gold complexes of the type [Au(PPh 3 )(L)] can often have enhanced cytotoxicity versus the free ligand, attributed to the presence of lipophilicity enhancing co-ligands (e.g. PPh 3 ) at Au(I). 23 The importance of charge has also been noted in cytotoxic iridium(III) complexes, with cationic species proving more toxic to cell lines 24 and Gram positive bacteria 25 than neutral analogues. For the pro-ligands, [HL 6 ]PF 6 was the least toxic with IC 50 values >100 μM for each cell type. In contrast, closely related [HL 5 ]PF 6 was the most toxic, with strong activity against LOVO, PC3 and MCF-7s. Highly lipophilic [HL 7 ]PF 6 also showed strong activity against LOVO and MCF-7. Overall the results showed that relatively minor changes in the molecular structures had a profound influence upon the cytotoxicity.
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A limited number of Au(I) complexes incorporating fluorescent ligands have been reported 26 for cellular imaging, although the fluorescent properties of such species are not always optimal for microscopy. Therefore, cellular microscopy studies including FLIM were undertaken with one of the proligand/complex pairings, [HL 3 ]PF 6 and [AuCl(L 3 )], using MCF-7 cells. Fluorophore concentrations of 100 μg ml −1 (i.e. comparable to the IC 50 values) and more dilute 10 ng ml −1 (well below the obtained IC 50 values) in DMSO were used for [HL 3 ]PF 6 and [AuCl(L 3 )]. In all cases the cells were irradiated with 405 nm excitation which matches well with the ICT absorption band of these naphthalimide-based fluorophores; detection wavelengths were 500-550 nm.
Firstly, [HL 3 ]PF 6 demonstrated rapid uptake (<30 min) and internalisation by the MCF-7 cells (Fig. 8 ). Cytoplasmic fluorescence was concentrated in well-defined spheroidal volumes consistent with organelle localisation. There was no evidence of nuclear sequestration. The corresponding complex [AuCl(L 3 )] also showed reasonable uptake internalisation with bright foci of fluorescence observable within the cytoplasm, but not the nucleus (Fig. S2 , ESI ‡).
More distinct localisation was observed for both [HL 3 ]PF 6 and [AuCl(L 3 )] at a diluted probe concentration of 10 ng ml −1 (1 : 10 000 dilution when compared to the preliminary microscopy studies). Under these conditions, co-localisation studies were investigated using commercial fluorophores for staining of mitochondrial, endoplasmic reticulum (ER), Golgi and lysosomal compartments ( Fig. 9 and Fig. S3 and S4, ESI ‡). Fig. 9 shows the obtained superimposed images with [HL 3 ]PF 6 and [AuCl(L 3 )] respectively, and colocalisation is clearly evident (as indicated by the yellow-orange colouration) only with the lysosomal stain, LysoTracker Deep Red. A recently reported acridine-functionalized Au(I) compound has also shown lysosomal localisation. 20 Having fully elucidated the intracellular localisation of both probes, FLIM analyses was applied to MCF-7 cells which had been incubated with [HL 3 ]PF 6 and [AuCl(L 3 )]. For FLIM, the cells were imaged via a pulsed 440 nm diode laser excitation source, which is again well matched to the ICT absorption band of the naphthalimide fluorophores, and data collection was facilitated through time correlated single photon counting. Decay curves were fitted using an n-exponential tail fit, while applying an estimated instrument response function. In all cases the lowest χ 2 square value was obtained by modelling three components to the exponential decay.
For [HL 3 ]PF 6 , the FLIM images ( Fig. 10) show the localised hot spots of fluorescence which were earlier attributed to lysosomal localisation. From the data analyses of the image, the dominant lifetime component was obtained as 9.2 ns. This value compares favourably (cf. 9.1 ns) with the solution state spectroscopic measurements (Table 1) , validating the data fitting protocol. This value also implies that the fluorescence labelling of the lysosomal compartments of the cell can be clearly attributed to [HL 3 ]PF 6 and that the intrinsic structure of the fluorophore is intact following incubation with the cells.
In the case of MCF-7 cells incubated with [AuCl(L 3 )], good quality FLIM images were again obtained. In this case, the fitted parameters suggest a dominant lifetime of ca. 11 ns (Fig. 10) . This value is significantly longer than that spectroscopically obtained (1.1 ns), but more comparable with the fluorescence lifetime for [HL 3 ]PF 6 . Therefore, the FLIM data suggests that the gold complex may dissociate under biological conditions to regenerate the dihydroimidazolinium-like fluorophore. In these cases, the fluorescence lifetime obtained from FLIM might be indicative of such an intracellular process.
The data from these microscopy measurements suggests that further work is required to understand the speciation of these Au(I) carbene complexes within a biological environment. In particular, it is important to consider the acidic nature of lysosomal compartments and the effect that this may have on such complexes. Since the solubility of [AuCl(L 3 )] is limited to organic solvents it has not been possible to elucidate the pH dependent stability of this species, but previous studies have noted how the gold-carbene bond can tolerate acidic conditions at elevated temperatures. 27 Further, our studies have shown that such complexes are stable >6 h in DMSO (incubated at 37 celcius) solutions in the absence of light, as indicated by 13 C NMR data (retention of coordinated carbene). However, it is well known that Au(I) carbene complexes can display photoinduced decomposition. 28 Therefore one must exercise caution when seeking to correlate cytotoxicity data with confocal fluorescence microscopy imaging. Further work is required to unravel the influence that light irradiation may have upon the speciation and toxicity of gold(I) complexes within a cell.
Conclusions
The stepwise synthesis of a range of 4-substituted 1,8-naphthalimide derivatives that incorporate a dihydroimidazolium cationic unit give fluorescent species with emission dominated by an ICT emission band around 500 nm. Once deprotonated, these dihydroimidazolium salts can be utilised as NHC ligands for Au(I) to form complexes. In all cases, the fluorescence of these complexes is again dominated by the ligand, but often partially quenched by the presence of Au(I) leading to the possibility of discriminating ligand/complex pairings on the basis of fluorescence lifetime. The varying functionality of the ligands led to different cytotoxicity profiles across cancer cell lines, with the cationic pro-ligands proving generally more toxic than the corresponding complexes. Selected ligands and complexes were incubated with MCF-7 cells and fluorescence microscopy was undertaken, showing that these fluorophores are biocompatible. More detailed colocalisation studies were conducted on a ligand/complex pairing and identified that the species show definitive localisation in lysosomes. Finally, we have shown that the ICT fluorescence lifetime of these species can be utilised in FLIM. Lifetime imaging studies on [AuCl(L 3 )] indicate that this species probably dissociates from gold within the cell. Further studies are now required to fully elucidate the possible mechanism for this process, but FLIM appears to be a potential imaging tool for supporting such investigations.
Experimental
General considerations
All reagents and solvents were commercially available and were used without further purification if not stated otherwise. For the measurement of 1 H, 31 P, and 13 C NMR spectra a Bruker Fourier 300 (300 MHz), Bruker AVANCE HD III equipped with a BFFO SmartProbe™ (400 MHz) or Bruker AVANCE III HD with BBO Prodigy CryoProbe (500 MHz) was used. The obtained chemical shifts δ are reported in ppm and are referenced to the residual solvent signal. Spin-spin coupling constants J are given in Hz.
Low-resolution mass spectra were obtained by the staff at Cardiff University. High-resolution mass spectra were carried out at the EPSRC National Mass Spectrometry Facility at Swansea University. High resolution mass spectral (HRMS) data were obtained on a Waters MALDI-TOF mx at Cardiff University or on a Thermo Scientific LTQ Orbitrap XL by the EPSRC UK National Mass Spectrometry Facility at Swansea University. IR spectra were obtained from a Shimadzu IR-Affinity-1S FTIR. Reference to spectroscopic data are given for known compounds. UV-Vis studies were performed on a Shimadzu UV-1800 spectrophotometer as MeCN solutions (2.5 or 5 × 10 −5 M). Photophysical data were obtained on a JobinYvon-Horiba Fluorolog spectrometer fitted with a JY TBX picosecond photodetection module as MeCN solutions. Quantum yield measurements were obtained on aerated MeCN solutions of the complexes using [Ru(bpy) 3 ](PF 6 ) 2 in aerated MeCN as a standard (Φ = 0.016). 29 Emission spectra were uncorrected and excitation spectra were instrument corrected. The pulsed source was a Nano-LED configured for 295 nm or 372 nm output operating at 1 MHz. Luminescence lifetime profiles were obtained using the JobinYvon-Horiba FluoroHub single photon counting module and the data fits yielded the lifetime values using the provided DAS6 deconvolution software.
X-ray diffraction
For both samples, a suitable crystal 30 was selected and mounted on a MITIGEN holder in oil on a Rigaku FRE+ (45.0 kV, 55.0 mA) equipped with HF Varimax confocal mirrors (70 µm focus) and an AFC12 goniometer and HG Saturn 724+ detector ([HL 3 ]PF 6 ) or a HyPix 6000 detector ([AuCl(L 3 )]). The crystals were kept at T = 100(2) K during data collection. Data were measured using profile data from ω-scans using MoK α radiation. Cell determination and data collection were carried out using CrystalClear 31 ([HL 3 ]PF 6 ) or CrystalisPro 32 ([AuCl (L 3 )]). With the data reduction, cell refinement and absorption correction using CrystalisPro. Using Olex2, 33 the structures were solved with the ShelXT 34 structure solution program and the models were refined with version 2014/7 of ShelXL 35 using Least Squares minimisation. All non-hydrogen atoms were refined anisotropically. Hydrogen atom positions were calculated geometrically and refined using the riding model. For sample [HL 3 ]PF 6 , the PF 6 anion was disordered over two positions and for [AuCl(L 3 )] the propyl chain was disordered over two positions. As such various geometrical (SADI) and displacement (SIMU, RIGU) restraints were applied to the disordered atoms. Diffractometer: Rigaku AFC12 goniometer equipped with an enhanced sensitivity (HG) Saturn724+ detector mounted at the window of an FR-E+ SuperBright molybdenum rotating anode generator with VHF Varimax optics (70 µm focus). Cell determination and data collection: CrystalClear-SM Expert 3.1 b27 (Rigaku, 2013). Data reduction, cell refinement and absorption correction: CrystAlisPro. Structure solution: SUPERFLIP. 36 For sample L 3 , the PF 6 anion was disordered over two positions. As such various geometrical (SAME) and displacement (SIMU) restraints were applied.
Cytotoxicity assessment via MTT assay
The cytotoxicity of the complexes was assessed using the colourimetric and quantitative MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay, first reported by Mosmann. 37 Quantification was achieved using a multi-well scanning spectrophotometer and reported as an IC 50 value.
Method for cytotoxicity analysis
Anti-tumor evaluation in MCF7, LOVO, A549 and PC3 cell lines was performed by MTT assay. Compounds were prepared as 0.1-100 mM stock solutions dissolved in DMSO and stored at −20°C. Cells were seeded into 96-well microtitre plates at a density of 5 × 10 3 cells per well and allowed 24 h to adhere. Decimal compound dilutions were prepared in medium immediately prior to each assay (final concentration 0.1-100 µM). Experimental medium was DMEM +10% FCS (PC3 and Lovo) or RPMI +10% heat inactivated FCS (A549 and MCF7). Following 96 h compound exposure at 37°C, 5% CO 2 , MTT reagent (Sigma Aldrich) was added to each well (final concentration 0.5 mg ml −1 ). Incubation at 37°C for 4 h allowed reduction of MTT by viable cells to an insoluble formazan product. MTT was removed and formazan solubilized by addition of 10% Triton X-100 in PBS. Absorbance was read on a Tecan Sunrise spectrophotometer at 540 nm as a measure of cell viability; thus inhibition relative to control was determined (IC 50 ) from four independent sets of data and the standard deviations calculated from these data sets. Confocal imaging of MCF-7 cells Cell culture. All cell culture reagents were purchased through Sigma Aldrich. MCF-7 cells were grown on circular glass coverslips for 5-7 days in RPMI-1640 medium, supplemented with heat inactivated 5% foetal bovine serum and 100 U ml −1 penicillin/streptomycin solution, until around 70-90% confluent. For experiments, culture medium was replaced with 1 ml fresh RPMI-1640 and the cells then incubated with either 100 µg ml −1 or 10 ng ml −1 of probe in DMSO. A range of commercially available organelle probes (ThermoFisher) were used for co-localisation studies with the above compounds in live cells: mitochondria were labelled with TMRE (tetramethylrhodamine ethyl ester) 200 nM; λ ex = 549 nm: λ em = 575 nm; cell membranes and lipid droplets with HCS LipidTOX Red Neutral Lipid Stain (1 : 1000 dilution from the commercial kit; λ ex = 577 nm; λ em = 609 nm); the endoplasmic reticulum with ER Tracker red (1 µM; λ ex = 587 nm; λ em = 615 nm); the Golgi apparatus with BODIPY TR ceramide (5 µM; λ ex = 590 nm; λ em = 620 nm) and lysosomes with LysoTracker Red (1 µM; λ ex = 577 nm; λ em = 590 nm). All fluorescent compounds were incubated for 30 minutes at 37°C then washed in warmed PBS before imaging.
Confocal microscopy. MCF-7 cells were imaged using an LSM880 Airyscan confocal microscope system (Zeiss, Germany) equipped with time correlated single photon counting (TCSPC) for fluorescence lifetime imaging (FLIM; PicoQuant GmbH, Germany). For fluorescence localisation studies, cells were imaged using appropriate excitation and emission settings for detection of either the naphthalimide-based probes alone, or either probe together with a commercial co-localisation agent (see above) using Zen software (Zeiss, Germany). Differential interference contrast (DIC) optics were used to simultaneously record cell morphology alongside the fluorescence signal. For co-localisation studies, sequential fluorescence image acquisition was used to avoid spectral crosstalk between the dyes. For FLIM, the probes were imaged via a pulsed 440 nm diode laser using SymphoTime software (PicoQuant GmbH, Germany) for TCSPC. Decay curves were fitted using an n-exponential tail fit, applying an estimated instrument response function (IRF). A decent fit was accepted provided the fitted curve overlaid well with the decay curve; the χ 2 square value was ∼1 and the residual values spread randomly around 0; selecting the least number of model parameters (n) in each case. Fluorescence lifetime measurements of the probes were displayed as fitted lifetime image maps.
Density functional calculations
Calculations were performed using the Gaussian 09 program. 38 Calculated structures were optimized without symmetry constraints and the nature of the stationary point verified using a frequency calculation; in all cases no imaginary frequencies were observed. The PBE0 39 functional was used along with the 6-311+G(d,p) triple-ζ basis set 40 on all centres except for Au, for which the Stuttgart-Dresden basis set was used with a relativistic effective core potential. 41 Solvent was included in all calculations as the polarized continuum model, with the molecular cavity defined by a united atom model that incorporates hydrogen into the parent heavy atom. 42 TD-DFT calculations were carried out with at the same level of theory as the geometry optimizations; the first 24 excited states were calculated. NMR shielding constants were computed using the gauge including atomic orbital method incorporated into Gaussian 09; 10 13 C chemical shifts were computed relative to benzene (δ C = 129.2 ppm).
Reagents and precursors
Cl-Nap derivatives 43 and [AuCl(tht)] 44 were prepared according to the literature. All other reagents were used as received and general and standard precautions were taken during their handling and manipulation.
Ligands and precursors
Synthesis of N-Nap 1 . Cl-Nap 1 (502 mg, 1.6 mmol) and N-ethylethylenediamine (0.64 ml, 6.3 mmol) were heated for 48 hours at 100°C in DMSO under a nitrogen atmosphere. The solution was cooled and water (15 ml) added. The solution was neutralised using 1 M HCl and then extracted into DCM. The organic phase was washed with water, dried over MgSO 4 , and the solvent removed to yield the product as an orange solid (yield: 125 mg, 22%). 1 Synthesis of [HL 1 ]PF 6 . N-Nap 1 (100 mg, 0.27 mmol) and NH 4 PF 6 (49 mg, 0.3 mmol) were heated at 100°C in HC(OEt) 3 for 3 h under a nitrogen atmosphere. The solution was cooled and the solvent decanted to leave an orange colored oil. Et 2 O (2 × 10 ml) was then added and slowly decanted and the remaining oil dried in vacuo to yield [HL 1 ]PF 6 as an orange oil (77 mg, 54%). 1 
